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Trifluoromethylated aromatic compounds are widely used as
active ingredients of numerous modern pharmaceuticals and
agrochemicals (Scheme 1).'¥ Currently, CF;-bearing aro-
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Scheme 1. Active ingredients of selected pharmaceuticals and agrochemicals containing

a trifluoromethylated aromatic moiety.

matic building blocks are made by a Swarts-type process
involving exhaustive chlorination of a methyl group on the
ring and subsequent CI/F exchange on the resultant ArCCly
with HEP! This process deals with hazardous materials and
generates large quantities of chlorine waste.

An ecologically friendly alternative to the Swarts reaction
is the direct introduction of a CF; group into the desired
position on the ring. This has been achieved by copper-
mediated® or -catalyzed® and palladium-mediated® or
-catalyzed” trifluoromethylation of aromatic substrates. The
most widely utilized are the Cu—CF; reagents, originally
discovered by McLoughlin and Thrower®" and further
developed by Kobayashi and Kumadaki®* for stoichiometric
trifluoromethylation of haloarenes.**! These reagents, which
have been known for over 40 years, are still poorly defined,
and their structure and composition remain unknown. In their
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classic report on the '"FNMR spectroscopy studies of
“CuCF;”, Wiemers and Burton! identified these compounds
as “elusive and complex species”.

Understanding mechanisms of trifluorome-
thylation reactions with Cu' reagents is impor-
tant for further progress in the area. This
understanding, however, is hardly conceivable
without studies on well-defined CF; Cu' com-
plexes that can trifluoromethylate aromatic
electrophiles. Such complexes are extremely
rare, being limited to a few derivatives of only
one type of ligand, N-heterocyclic carbenes
(NHCs). Vicic and co-workers'”! have recently
prepared a handful of air-sensitive complexes of
the type [(NHC)Cu(CF;)] and demonstrated
their ability to trifluoromethylate iodoarenes.!'”
Air-stable well-defined Cu' trifluoromethylat-
ing reagents that are easy to make and handle
are still unknown. Herein we report a high-
yielding simple preparation, full characteriza-
tion, and aromatic trifluoromethylation reac-
tions of [(Ph;P);Cu(CF;)] (1), a remarkably air-
stable Cu' trifluoromethyl complex. Complex 1 has been
previously prepared by Komiya et al.'!! by a multistep route
requiring an organocopper reagent.'” Although microana-
lytical data and room-temperature NMR (‘H, °F, *'P) and IR
spectroscopic data for 1 have been provided,'"!! structural
data, solution behavior, and reactivity studies for 1 have not
been reported.

We have developed the first organocopper-free, exceed-
ingly simple and efficient synthesis of 1 (Scheme 2). It was
found that [(PhsP);Cu(F)]-2MeOH!"! (2) smoothly reacted

1. MeOH, reflux
2. Evaporation, drying CF3
3. CF3SiMey in THF |

CuFy3H,0 + PPhy CUsippy,
85-92% PR “PPh;”
CF,SiMe,, THF
MeOH 1 ph.p),CuF]-2MeOH M
reflux 97%

Scheme 2. Synthesis of 1.

with Ruppert’s reagent (CF;SiMe;) in THF to give 1, which
was isolated in 97 % yield. The p-tolyl analogue of 1, [(p-
Tol;,P);Cu(CF;)], was made similarly. As 2 is prepared by the
reaction of CuF, hydrate with PPh; in MeOH under reflux, it
was reasoned that the reported™ low-yielding (39%) iso-
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lation step could be skipped. This was indeed accomplished by
running the reaction leading to 2, evaporating the solution,
drying the residue, and treating it with CF;SiMe; in THF. As a
result, spectroscopically pure, white 1 precipitated out and
was collected by filtration in 85-92 % yield, as calculated from
the amount of CuF,-3H,O used (Scheme 2). The thus-
prepared 1 was not contaminated with the Ph;PO by-product
(co-formed along with 2 in the first step) which stayed
completely in the filtrate (as determined by *'P NMR
spectroscopy). The procedure is simple and efficient, allowing
for easy preparation of pure 1 on a multigram scale. Although
in solution the complex is oxygen- and moisture-sensitive,
solid 1 can be stored and handled in air for at least a month
without decomposition.

The structure of 1 was determined by single-crystal X-ray
diffraction. One of the three independent tetrahedral mole-
cules A, B, and C is shown in Figure 1. Selected geometry

Figure 1. ORTEP drawing of one of the three molecules of 1 with
thermal ellipsoids drawn at the 50% probability level and all H atoms
omitted for clarity.

parameters for 1 and its nonfluorinated analogue [(Ph;P);Cu-
(CH,)] (THF solvate),!'” are presented in Table 1. The Cu—C
bonds in molecules A, B, and C (2.018(7), 2.025(7), and
2.031(10) A) are of similar length to the C—Cu bond
(2.043(12) A) found in [(Ph;P);Cu(CH,)]."¥ The Cu—P
bonds in 1 are only slightly longer (by 0.03-0.04 A) than in
[(Ph;P);Cu(CH;)]. The C-Cu-P bond angles in 1 are roughly
2-4° larger and the P-Cu-P bond angles for A and B up to 7°

Table 1: Selected bond lengths (A) and angles (deg) for 1 and
[(PhsP);Cu(CH;)]- THF.

Parameter 1 (A) 1(B) 1(Q) [(PhsP);Cu(CH,)]- THF™
Cu-C 2018(7) 2.025(7) 2.031(10) 2.043(12)
Cu-P 2353(1)  2341(1)  2347(1) 2.313(3)
2313(3)
2311(3)
C-Cu-P 111.32(3) 112.53(3) 109.57(4) 106.9(4)
106.7(4)
106.9(4)
P-Cu-P  107.56(3) 106.24(3) 109.37(4) 113.10(12)
113.17(12)
109.64(11)
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smaller than in the Cu—CH; complex. At the same time, the P-
Cu-P bond angle in molecule C (109.37(4)°) is virtually
identical to one of those in the nonfluorinated complex
(109.6(1)°). We therefore conclude that the crystal structures
of 1 and [(Ph;P);Cu(CH,)] display very similar geometric
parameters. This situation might be due to nearly equal
electron donation from the CH; and the CF; ligands, as is
the case for the [(PhyP);Rh(CF;)]/[(PhsP);Rh(CH;)] pair.l"

Room-temperature *'P and "FNMR spectra of 1
(CD,Cl,) displayed singlets at 0 =—0.8 and —26.2 ppm,
respectively, in accord with the literature data."'! These
patterns did not change considerably in the temperature
range of +25 to —90°C. In the presence of extra PPh;
(3 equiv), still only one singlet in the *'P NMR spectrum
was observed at ambient temperature, pointing to phosphine
exchange that is fast on the NMR time scale. Freezing out this
exchange resulted in coalescence at —40°C and then in the
appearance of two separate signals from 1 (6 =3.4 ppm) and
from PPh, (0 = —5.5 ppm) at —60°C and below. A *'P NMR
EXSY experiment allowed for the determination of the
exchange rate at approximately 1s™' at —90°C. This ligand
exchange occurring via PPh; dissociation is apparently slower
for 1 than for its nonfluorinated analogue [(Ph;P),Cu(CH,)].
At —90°C, [(Ph;P),Cu(CHs;)] displays two broad resonances,
a large peak at 0 =2.8 ppm, and a small peak at —7 ppm,
which were assigned to [(Ph;P);Cu(CHj;)] and PPh;, respec-
tively.'”) In the presence of three equivalents of PPh,,
however, the P NMR spectrum of [(Ph;P),Cu(CH,)] at
—90°C shows only one broad resonance indicating that ligand
exchange is still fast on the NMR time scale, whereas for 1 it
becomes slow already at —60°C. However, solvent effects
should not be neglected: the literature study on [(Ph;P);Cu-
(CHj;)] was carried out in toluene, whereas our data were
obtained in CD,Cl, because of insufficient solubility of 1 in
toluene (and also in THF).

In line with the NMR spectroscopy data, phosphine
lability in 1 is manifested by its facile ligand exchange
reactions. Treatment of 1 with 1,10-phenanthroline (phen)
cleanly produced dark orange-red [(phen)Cu(PPh;)(CF;)] (3)
that was isolated pure in 75-80 % yield and fully character-
ized, including by single-crystal X-ray diffraction
(Figure 2)."" The molecule of 3 displays a distorted tetrahe-
dral geometry with the Cu—C bond (1.985(1) A) being only
slightly shorter than in 1 (Table 1) by ca. 0.03-0.04 A. In
contrast, the Cu—P bond in 3 (2.2228(3) A) is shorter than in 1
by 0.12-0.13 A, a significant difference that is likely due to
weaker electron donation to Cu from phen than from two
PPh; ligands.

The room-temperature ’F NMR spectrum of analytically
pure 3 in CD,Cl, shows a singlet at d = —23.6 ppm but also a
weak (<5% total integral intensity) resonance at 0=
—31.0 ppm that is assigned to [Cu(CF;),]” on the basis of
the literature data for other bis(trifluoromethyl)cuprate
salts.'”!7) The presence of this minor peak points to a slow
(on the NMR time scale) equilibrium between 3 and [Cu-
(phen),]"[Cu(CF;),]” + PPh;. The phosphine thus released is
involved in fast exchange with 3, the still-present major Cu
species, as manifested by a broad signal at 2.0 ppm (Av:,
~100 Hz) in the *'P NMR spectrum of 3 at the same
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Figure 2. ORTEP drawing of 3 with thermal ellipsoids drawn at the
50% probability level and all H atoms omitted for clarity.

temperature (25°C). The spontaneous generation of [Cu-
(CF;),]” from 3 is similar to the formation of
[(SIMes),Cu]*[Cu(CF;),]~  from  [(SIMes)Cu(CF;)]l'%!
(SIMes = 1,3-dimesitylimidazolidin-2-ylidene).

Addition of 2,2"-bipyridyl (bpy) or 4,4'-di-tert-butyl-2,2'-
bipyridyl (Bu-bpy) to solutions of 1 also resulted in
immediate color change to orange-red, suggesting formation
of [(L-L)Cu(PPh;)(CF;)], where L-L=bpy and tBu-bpy,
respectively. However, attempts to isolate the bpy and rBu-
bpy analogues of 3 resulted only in recovery of 1. Apparently,
bpy-type ligands bind to Cu more weakly than phen. As a
result, [(L-L)Cu(PPh;)(CF;)] and 1 equilibrate in solution to
produce only more stable and/or less soluble 1 upon
crystallization.

Both 1 and 3 were found to readily trifluoromethylate aryl
and heteroaryl halides. Trifluoromethylation of PhI (neat)
with 1 slowly occurred even at room temperature, and after
24 h at 70°C full conversion of 1 at 91 % selectivity to PhCF;
was observed (as determined by '’F NMR spectroscopy). The
reaction was then optimized for use without excess of the
aromatic substrate. Herein we present only a succinct
summary of the optimization work, which is described in
detail in Supporting Information. In all cases the reactions
were monitored by '’F NMR spectroscopy with 4,4'-difluoro-
biphenyl or PhF as internal standards.

First, trifluoromethylation of PhI present in a large excess
(11 equiv) with 1 was carried out at 70°C in various solvents.
Better yields were obtained in dimethylformamide (DMF),
N-methylpyrrolidone (NMP), diglyme, and toluene, whereas
in MeCN, 1,2-dichloroethane, dimethylsulfoxide, and THF
either the conversion of 1 was low or large quantities of CHF;
as a side product were produced. The amount of Phl was then
reduced to nearly stoichiometric (1.1 equiv), and the reaction
was run in DMF, NMP, diglyme, and toluene at 100°C. Full
conversion (as determined by "F NMR spectroscopy) was
observed after 2 h, with the yield of PhCF; ranging from 45 to
60 % in diglyme, DMF, and NMP, and being 35 % in toluene.
The formation of PhC,Fs and CHF; side products was
observed in all cases, as is quite common for Cu-promoted
aromatic trifluoromethylation reactions.>? In DMF, NMP,
and diglyme, CHF; was the main by-product, whereas in
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toluene only minute quantities of CHF; were formed. The
yield of PhC,Fs, however, was higher in toluene (up to 15%)
than in the other solvents that provide stronger stabilization
of Cu—CF; compounds toward decomposition to difluorocar-
bene.” The latter is known®* to easily insert into the Cu—CF;
bond to give CuC,Fs species, which can then pentafluoro-
ethylate aromatic electrophiles.

To avoid or minimize the side processes, a number of
ligands were tested as additives for the reaction of 1 with PhI
in DMF and toluene. Tertiary phosphines such as PPh;, nBu;P,
and rBu;P inhibited the trifluoromethylation and decreased
the yield of PhCF;. This observation is consistent with a
mechanism that involves PPh; dissociation (see above) from
coordinatively saturated, 18-electron 1 prior to Phl coordi-
nation to the Cu center, finally leading to the Ph—CF;
coupling. On the contrary, nitrogen ligands (phen, bpy, and
tBu-bpy) gave much better results: the pentafluoroethylation
was totally suppressed in DMF and diminished to only a few
percent in toluene. Further optimization allowed for the
identification of conditions for trifluoromethylation of a
series of iodoarenes in 55-90% yield (Table 2). Under these

Table 2: Aromatic trifluoromethylation with 1.7
Arl (1.1 equiv), tBu-bpy (1.1 equiv)
[(Ph3P)3Cu(CF3)] ArCF,4
1 toluene, 80 °C

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Entry Starting material Product Yield [96]"
1 ®| @C% 60-65

2 Me@l Me@CFa 55

3 Meo©—| MeOOCFa 70-75

4 c|©—| CIOC& 60

s FO\ FOCFs 50 (60

I o S T o U

60 (70)
8 Fﬁ‘@f\ FSCOCF3 65 (75[C])
= ~)—cF
9 \ r\f \ r\f 3 75

[a] Reaction conditions: 1 (0.05 mmol; [1]=0.09 m), Arl (1.1 equiv), tBu-
bpy (1.1 equiv), toluene, 80°C, 2-22 h (see text). [b] Yields determined by
F NMR spectroscopy with 4,4"-difluorobiphenyl as an internal standard.
[c] Yields in parenthesis were obtained in silylated tubes.

conditions, it took the reaction up to 22 h to go to completion
for less reactive iodoarenes (Table 2, entries 1-4), whereas
full conversion was observed after only 2-7 h for the more
electron-deficient substrates (Table 2, entries 5-9). The only
side product clearly observable by '°’F NMR spectroscopy was
easily removable CHF; (b.p. = —82°C), and the pentafluoro-
ethyl derivatives were detected in only minute amounts.

In order to understand the origin of the fluoroform side
product, a series of labeling experiments were carried out.
Reactions of 1 or [((C4Ds);P);Cu(CF;)] with PhI were found
to produce only CHF; and never CDF;, regardless if run in
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[Dg]toluene, [D,]DMF, [Hg]toluene, or [H,]DMF. The iodoar-
ene substrate could not be the source of H, as the original
trifluoromethylation in neat PhI (see above) produced only
trace amounts of HCF;. However, after 1 was heated with
D,0 in [Hg]toluene (50°C, 1 h), a characteristic signal from
CDF,; appeared in the ’F NMR spectrum as a 1:1:1 triplet at
0=-79.7 ppm with J(FD)=12.2 Hz. Although this result
suggested that hydrolysis of 1 could be responsible for the
side-formation of CHF;, the residual water alone in the
solvents used (<2 ppm for toluene and <20 ppm in DMF)
could not account for the amounts of CHF; produced in the
reactions. It was therefore presumed that Cu—CF; bond
hydrolysis might have been caused by traces of water and Si—
OH moieties on the surface of the glass tubes used for the
reactions. Indeed, repeating some of the experiments in
presilylated (CISiMes/toluene) tubes did minimize the pro-
duction of CHF;, leading to improved yields of the desired
products by approximately 10 % (Table 2, entries 5, 7, and 8).
As fully expected,>¥ organic bromides were less reactive
under similar conditions. Trifluoromethylated products were
formed upon treatment of 4-bromonitrobenzene, benzyl
bromide, and 2-bromonaphtalene with 1//Bu-bpy in only 25,
10, and 5% yield, respectively.

Complex 3 was also found to efficiently trifluoromethy-
late iodoarenes in DMF at 80°C in 60-85% yield (Table 3).
The choice of the solvent was determined by good solubility
of 3 in DMF. Improved yields were obtained in certain cases,
for example, for 4-trifluoromethylchlorobenzene (80%), 4-
trifluoromethylbenzonitrile (85 % ), and 2-trifluoromethylpyr-
idine (85 % ). Importantly, there is no need to use iodoarene
substrates in excess for efficient trifluoromethylation with 1
and 3 (Table 2 and Table 3). In contrast, the trifluorometh-
ylation of Arl with the only other reported well-defined
CuCF; complexes (NHC-stabilized) can be high-yielding only
when the aromatic substrate is present in a large (fivefold)
excess.!"]

Table 3: Trifluoromethylation with 3.7
Arl (1.1 equiv)

[(phen)CU(gPhs)(CFa)] DMF_ 8o °C ~ ~CFs
Entry Starting material Product Yield [%]"!
1 - Wk 6
2 Me@l MeOCF3 60
3 Me04®7| MeOOCFs 65
4 CI—@\ CIOCF3 30
s O O
6 OZNOI OZN@CFB 70
7 NC@\ NCOCF3 85
D o S S

e Oror
9 \N/ \N/ 3 85

[a] Reaction conditions: 3 (0.06 mmol; [3]=0.1 ™), Arl (1.1 equiv), DMF,
80°C, 16 h. [b] Yields determined by ""F NMR spectroscopy with 4,4'-
difluorobiphenyl as an internal standard.
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In conclusion, the first efficient, exceptionally simple
procedure has been developed for the synthesis of
[(Ph;P);Cu(CF;)] (1). This complex has been fully charac-
terized in the solid state and in solution."8! Complex 1 is not
only the first NHC-free well-defined CF;Cu' complex that can
trifluoromethylate haloarenes, but it may also serve as a
starting material for the synthesis of other new Cu—CF;
compounds such as 3. We believe that being easily accessible,
air-stable in the solid state, and having a long shelf life, 1 will
find further applications in synthetic and mechanistic studies.

Experimental Section

1: A mixture of CuF,:3H,0 (0.33 g, 2.14 mmol) and PPh; (2.24 g,
8.56 mmol) in MeOH (50 mL) was stirred under reflux in air until
most of the copper salt had dissolved (overnight). After the minute
amounts of residual solids were filtered off, the filtrate containing 2
and Ph;PO!"¥ was evaporated to dryness on a rotary evaporator. The
pale yellow solid residue was dried under vacuum (ca. 0.1 mm Hg)
overnight and treated with dry THF (4 mL) and CF;SiMe; (1.27 mL,
4 equiv)™ in a glove box. After the mixture was stirred for 2 h under
argon (HCF; evolution observed), the white solid was quickly
separated by filtration in air, washed with dry THF (3 x1 mL), then
with excess hexane, and dried under vacuum. The yield of 1 as a white
crystalline solid was 1.8 g (92%). NMR (CH,Cl,, 25°C): *'P{'H} 6 =
—0.8 ppm (br. s); “F 0 = —26.2 ppm (s).

3: A solution of phen (0.20 g, 1.09 mmol) in dry CH,Cl, (2 mL)
was added to a solution of 1 (1.0 g, 1.09 mmol) in dry CH,Cl, (8 mL).
All solids quickly dissolved to produce a red-orange solution. After
30 min, Et,0 (5 mL) was added to prompt crystallization of 3, with
subsequent addition of another 5 mL portion of Et,O. The solid was
separated by decantation, washed with Et,0 (3x3 mL), and dried
under vacuum. The yield of 3 as orange-red crystals was 0.48 g (77 %).
NMR (CD,Cl,, 25°C): '"H 6 =7.2-7.4 (m, 15H, PPh;), 7.6 (dd, J =5
and 9 Hz, 2H, phen), 7.8 (br. s, 2H, phen), 8.3 (d,/ =7 Hz, 2H, phen),
9.0 ppm (br. s, 2H, phen); F 6 = —23.6 (major, s, CuCF;), —31.0 ppm
(minor, s, [Cu(CF;),]"); P 8=20ppm (br. s). Caled. for
C;Hp;CuF;N,P: C 64.8, H4.0, N 4.9; found: C 65.0, H4.0, N4.7.

General procedure for aromatic trifluoromethylation with 1: In a
glovebox, a5 mm NMR tube was charged with 1 (50 mg, 0.054 mmol),
Arl (0.060 mmol, 1.1 equiv), tBu-bpy (16 mg, 0.060 mmol, 1.1 equiv),
dry toluene (0.55 mL), and a stock solution of 4,4'-difluorobiphenyl
(internal standard) in toluene (0.05 mL). The tube was sealed with a
rubber septum and heated in an oil bath at 80°C (Table 2). The
reaction was monitored by '’F NMR spectroscopy.

General procedure for aromatic trifluoromethylation with 3: In a
glovebox, a 5 mm NMR tube was charged with 3 (36 mg, 0.063 mmol),
Arl (0.070 mmol, 1.1 equiv), 4,4'-difluorobiphenyl (internal standard,
4-8 mg), and dry DMF (0.6 mL). The tube was sealed and heated in
an oil bath at 80°C for 16 h. The mixture was analyzed by ’F NMR
spectroscopy.
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